ABSTRACT: This work validates a sustainable way to produce customized PVDF membranes, suitable for contactors applications, in which DMSO is employed as nonhazardous solvent, in place of substances of very high concern (SVHC), by a combination of vapor-induced and liquid-induced phase separation (VIPS and LIPS) stages, and without using any chemical additive as pore forming. The experimental results highlight the key role of the kinetic and thermodynamic parameters of the phase separation processes involved in the control of the surface and transport properties of the PVDF membranes. Namely, combining VIPS and LIPS techniques in a controlled way, allowed to produce symmetric porous membranes with customized rough surface topography (root-mean-square roughness up to 0.67 μm) and hydrophobicity (water contact angle up to 140°) according to a biomimetic behavior as that of lotus leaves surfaces, through an environmental friendly fabrication process. The resulting membranes are characterized by a high porosity (total porosity ≥70%, mean pore size 0.08−0.4 μm), with well interconnected pores, despite no pore former additives were included in the dope solution, making them ideal candidates for application in membrane contactors. The quality of the produced membrane (permeate flux up to 12.1 kgh 1− m −2 with salt rejection 99.8%) is assessed by MD tests and results showed comparable performance to commercial PVDF membranes having similar mean pore size, porosity and surface roughness, but produced using SVCH solvents.
■ INTRODUCTION
The industrial production of membranes, mainly polymeric, has registered a considerable increase in the last decades, driven by the continuous introduction of membrane-based operations in several manufacture cycles. 1 While membranes are currently the globally dominant technology in wastewater purification and seawater desalination, 2 the interest now moves to convert old and inefficient traditional chemical production processes in more compact systems, which enable a better exploitation of raw materials, lower energy consumption, lower waste generation, and reduced plant size, in agreement to the Process Intensification (PI) principles. 3, 4 Polymeric membranes dominate the membrane market and they are mainly produced by phase separation (PS) processes in which, basically, a polymer is dissolved in an organic solvent or solvents mixture, and the solution is then demixed in a controlled way (e.g., by the addition of a nonsolvent). 5 Notably, although membrane-based operations are generally considered by themselves green and sustainable, it is frequently overlooked that the membrane fabrication itself is quite far to be green.
Most of the solvents used in industrially relevant membranes productions are hazardous to human health and to the environment. 6 They are also currently mentioned as substances of very high concern (SVHC) in different lists guides, such as CHEM 21, GHS and REACH. 7, 8 It has been estimated that every year more than 50 billion liters of wastewater contaminated with SVCH solvents are produced in membrane manufacture at industrial scale. 6 Therefore, there is great attention today to develop innovative production protocols where harmful solvents are replaced by less toxic substances, to make industrial membrane production more environmental friendly. 9, 10 Obviously, in doing this, membrane performances need to be kept, or even improved, by preserving target chemical-physical-structural parameters.
Among many others, polyvinylidene fluoride (PVDF) is one of the most used polymer for the fabrication of membranes due to its outstanding chemical, thermal and mechanical stability. 11−14 Some consolidated applications of PVDF membranes can be found in microfiltration (MF), ultrafiltration (UF) and membrane bioreactors (MBR) operations for wastewaters treatment, food, and health applications. 11−14 Some other emerging uses of PVDF membranes in industrially relevant processes are membrane distillation (MD) for water desalination, membrane-assisted crystallization (MCr) for the processing of pharmaceutical compounds, and nondispersive absorption in gas−liquid membrane contactors for CO 2 capture. 15−18 Despite the several advantages afforded by the use of PVDF membranes, the main drawback is the extensive use of toxic and harmful SVHC, such as N,N-dimethylformamide (DMF), dimethylacetamide (DMA) and N-methyl-2-pyrrolidone (NMP) 12−14,19−24 in the production of such membranes by PS processes. Some examples of green approaches developed for PVDF membranes fabrication include the thermal induced phase separation (TIPS) using green solvents like PolarClean. 25 However, in TIPS process economic and environmental issues are raised by the high temperatures used for polymer solubilization (160°C 25 ). Triethyl phosphate (TEP) has also been used for membrane fabrication by liquid induced phase separation (LIPS). 26, 27 However, this solvent cannot be defined green because of its moderate hazard profile. 7, 8 In the present study, dimethyl sulfoxide (DMSO) is selected as nonhazardous solvents for PVDF membrane preparation. Up to now, the use of dimethyl sulfoxide (DMSO) as solvent for PVDF has been limited to few examples of LIPS processes 27−29 for the production of asymmetric skin-type membranes. Moreover, wet freezing methods exploiting the high melting temperature of the DMSO (19°C 30 ) were also reported. 31−33 However, the PVDF membranes produced in the cited literature works were not suitable for MCs applications, because of their limited hydrophobicity and low liquid water entry pressure. 27−29,31−33 It is also important to note that, despite some authors reported that the DMSO/PVDF cast solution was exposed to ambient air for few seconds before LIPS, 27, 28 this step cannot be assimilated to a VIPS process because of the short exposition times (∼30 s, while our results indicate a threshold of 5 min to have a VIPS guided process) and the lacking of control of the environmental humidity. Concerning the last point, the exposition of the cast film to air with a low relative humidity and prolonged times can favor solvent evaporation instead of water vapor diffusion with the consequent formation of a denser skin layer instead of a porous one. 34 In this work, we developed a fabrication procedure in which DMSO is employed, in a combination of vapor-induced phase separation (VIPS) and LIPS stages, and without using any chemical additive as pore forming, to produce customized PVDF membranes suitable for contactors applications. To the best of our knowledge, this is the first time that DMSO is used as solvent for PVDF membranes preparation by VIPS technique, while studying in deep the effect of humidity and exposition time on membrane properties. The results highlight the key role of the kinetic and thermodynamic parameters of the phase separation in the control of the surface and transport properties of the PVDF membranes. Namely, the specific advantages of using VIPS over LIPS technique 22−24 have been exploited to produce symmetric skinless porous membranes with rough surface topography and hydrophobic biomimetic surfaces, by an environmental friendly fabrication process. These properties, in addition to a narrow pore size distribution, high porosity, excellent chemical resistance, long-term stability, low thermal conductivity, and suitable thickness, represent fundamental requirements for efficient application in membrane contactors fields, such as MD and MCr. 16, 35 The quality of the membrane produced is assessed by a comparison in MD application with a commercial PVDF membrane produced using SVCH solvents.
■ EXPERIMENTAL SECTION
Membranes Preparation. PVDF Solef 6010 (Mw 300−320 kDa, M w /M n 2.1−2.6) 36 is kindly supplied by Solvay Solexis. DMSO (analytical grade) is purchased from Merck.
The membranes are prepared from homogeneous solutions of PVDF (15 wt %) solubilized under magnetic stirring in DMSO (85 wt %) at 55°C. The polymer solutions are cast with an initial thickness of 350 μm onto a nonwoven fabric (thickness 109 ± 1 μm), used to ensure an high mechanical resistance to the system, by a micrometric casting knife (Elcometer 3700). The casting is carried out inside a box with controlled temperature (30 ± 1°C for all the samples) and relative humidity (RH). The cast film is first exposed to an atmosphere with a certain RH (34−64%) for various times (0−20 min), in order to have the VIPS process. Finally, the membrane formation is completed by LIPS, immersing the forming film in a water coagulation bath. The membranes are prepared in triplicate. All the samples are characterized and the results reported are the average of at least three measurements.
Membranes Characterization. The morphologies of the membranes (top and cross section) are examined by an EVO MA10 Zeiss scanning electron microscope (SEM). Cross sections are prepared by fracturing the film samples in liquid nitrogen. The samples are sputtered with gold prior to SEM analysis.
Membrane surface roughness is measured by a Nanoscope III atomic force microscope (AFM) (Digital Instruments, VEECO Metrology Group) in air, in contact mode imaging. The average of three different measurements on 14 × 14 μm 2 squares of membrane surfaces, is reported. Roughness analysis is performed by WSxM 5.0 Develop 6.1 software (Nanotec Electronica S. L.) 37 by calculating average roughness (Ra), root-mean-square roughness (RMS), and maximum height (Rmax).
The membranes surface wettability is evaluated by water contact angle (CA) measurements using a CAM 200 device (KSV Instruments, Ltd.).
The mean pore diameter is measured by a capillary flow porometer (PMI, Porous Materials Inc. Ithaca, NY) using a wetting liquid (3M Fluorinert Electronic Liquid FC-40, supplied by Essegie Srl) and nitrogen as pressurizing gas.
The liquid entry pressure of water (LEPw), defined as the pressure difference at which liquid water penetrates into the membranes pores, is calculated by a theoretical expression, based on Young−Laplace equation:
where γ is the water surface tension (71.99 ± 0.05 mN·m at 25°C is −1 , 39 θ the contact angle between the liquid and the membrane, and r max is the is the maximal pore radius detected, B is a dimensionless geometrical factor which includes the irregularities of the pores (B = 1 for assumed cylindrical pores).
The film total porosity is measured by gravimetric method at 25°C, determining the weight of the wetting liquid contained in the porous part of the film. The porosity ε, is calculated by the following equation:
where w 1 is the weight of dry samples, w 2 the weight of the wet samples, D w the wetting liquid density (1.855 g/cm 3 for 3M-FC-40), and D p is the polymer density (1.78 g/cm 336 ).
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Fourier transform infrared spectroscopy (FT-IR) analyses in attenuated total reflectance (ATR) are performed using a PerkinElmer Spectrum One (PerkinElmer), on the up surface of each membrane.
The β−phase content (F(β)) is quantified using the following equation:
where A α and A β are the absorbance at 763 and 840 cm −1 ; (characteristic of the α and β phase, respectively) K α and K β correspond to the absorption coefficients at the respective wavenumbers, which values are 6.1 × 10 4 and 7.7 × 10 4 cm 2 mol −1 , respectively.
The membrane transport properties are tested in a direct contact membrane MD/MCr plant as detailed elsewhere; 42 performances are evaluated as flux and rejection to NaCl. Operating conditions are feed and distillate temperature 53 ± 2°C and 20 ± 2°C, respectively; feed and distillate solutions flow rate 12 Lh 1− (axial velocity 6.1 mh
(0.017M), if not otherwise specified. The flux (J) and rejection (R) are defined as follows:
where M p is the permeate mass expressed in kg; t is the permeation time in hours, and A is the active membrane area in square meters.
where C d and C f are the permeate and the feed concentrations, respectively, calculated by considering the amount of salt permeated from the feed to distillate side, as estimated by measuring the electrical conductivity of the solutions by a conductivity-meter (Jenway, Bibby Scientific, UK) and after solvent mass balance. The membranes produced are compared with a commercial PVDF membrane supported on nonwoven fabric, kindly supplied by GVS S.p.A. (Italy). GVS supplied also the nonwoven fabric used as support of the membranes prepared in this work.
■ RESULTS AND DISCUSSION
DMSO is an aprotic solvent with polarity quite similar to those of DMF, DMA and NMP. However, it has a lower affinity for the PVDF than the other solvents cited, as confirmed by the calculation of the difference in solubility parameters (Supporting Informationm (SI) Table S1 ). 30,36,43−45 Polymers and solvents can be represented in the so-called "Hansen three-dimensional space" in which a substance is identified by three coordinates corresponding to the solubility parameters associated with dispersion forces (δ d ), polar forces (δ p ), and hydrogen bonding (δ h ). Nearer two substances are in the Hansen space, that is, lower are the differences in solubility parameters, more affine are each other. The distance between two points in this 3D representation can be calculated as follows:
dp ds 2 pp ps 2 hp hs 2 1/2 (6) where the second subscript p or s is referring to the polymer PVDF or solvent, respectively. In general, two substances are considered mixable when the difference in total solubility parameters is ≤5 MPa 1/2 . 43 The high difference in solubility parameters between the PVDF and water confirms that the latter is a nonsolvent for this polymer (Δδ = 31.5 MPa 1/2 , SI Table S1 ). DMA, DMF, NMP, and DMSO, are all good solvents for the PVDF (Δδ < 5 MPa 1/2 ). However, the difference in Hansen solubility parameters is higher for DMSO, because of the larger difference in dispersion and polar components (SI Figure S1) .
These results are in agreement with the wider solubility gap reported in water/solvent/PVDF ternary phase diagram for DMSO, in comparison with DMA, DMF, and NMP. 44, 46 This means that, from a purely thermodynamic point of view, a lower amount of water is sufficient to induce the phase separation of a PVDF solution solubilized with DMSO. However, DMSO is also characterized by a higher viscosity and a lower diffusion coefficient in water, compared to DMA, DMF, or NMP (SI Table S1 ). 45 These properties influence heavily the kinetics of the phase separation processes of the DMSO/water system, with a more delayed diffusion solvent/ nonsolvent. Accordingly, the peculiar chemical-physical properties of the DMSO have relevant influence on both thermodynamic and kinetic effects involved in PVDF membrane formation by phase separation methods. 47 Therefore, it is not possible to use the already known protocols developed for the VIPS and/or LIPS methods with SVCH solvents, to the case of DMSO to prepare PVDF membranes. It is instead necessary to deeply investigate the influence of factors like the time of exposition to humid air and the relative humidity during VIPS, to develop customized PVDF membranes for membrane contactors applications. Figure 1 shows the SEM and AFM images of PVDF membranes surfaces prepared for VIPS times ranging from 0 (i.e., no VIPS stage but only LIPS) to 20 min, while keeping constant humidity (RH 50%).
The surfaces of the membranes prepared with VIPS time ≤1 min (Figure 1 A,B) are rather smooth and apparently dense. This morphology is the results of the rapid solvent/nonsolvent exchange and polymer precipitation at the coagulation bath/ polymer solution interface during the LIPS stage. When the cast polymer solution is immersed in the coagulation bath, the concentration of the nonsolvent at the film surface reaches immediately that value triggering phase separation. The phase with the higher polymer concentration forms the solid part of the membrane; the phase with the lower polymer concentration gives rise to the pores. The gradient of the polymer chemical potential resulted in a movement of the polymer perpendicularly to the surface, leading to a polymer concentration increase and the formation of a denser skin layer which hinders the solvent/nonsolvent exchange through the internal layers, with the consequent formation of an asymmetric membrane. 48 A VIPS time of only 1 min is not sufficient to influence the membrane morphology in a relevant way with respect to a simple LIPS process.
A different surface topography is observed for the membranes prepared by VIPS times ≥5 min. The surfaces are porous and rough, composed of spherulitic microparticles linked together through fiber-like connections ( Figure 1C−E) . During the VIPS stage, the polymeric solution, initially homogeneous, demixes in two liquid phases under the effect of the diffusion of the nonsolvent vapors. The diffusion of the nonsolvent in vapor phase into the cast solution (VIPS stage), is slower than in the liquid phase (LIPS stage). The water vapors induce localized microphase separation on the membrane surface forming nucleation clusters of PVDF crystallites. This leads to a uniform and flat concentration profile of the three components in the film cross section, 49−51 precipitant (water), polymer (PVDF) and solvent (DMSO), inducing the formation of a skinless membrane with a more
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In agreement with their formation mechanism, the membranes prepared with VIPS time ≤1 min are characterized by smaller pore size than membranes prepared at higher exposition times. Notably, for VIPS time of 5 min the mean pore size is higher than for longer times (10 and 20 min, Figure  2 ).
It is argued that a longer exposition to humid air gives rise to water condensation on the cast film, which locally undergoes a LIPS mechanism when in contact with the nonsolvent in liquid phase, giving rise to denser regions on the membrane surface. However, all the membranes prepared are characterized by a total porosity of 70 ± 5%, indicating that the VIPS exposition time influences mainly the surface porosity while keeping the bulk porosities quite similar.
Surface topography is directly correlated to the wetting aptitude of the membrane. Artificial porous membranes with hydrophobic properties adequate for MD/MCr applications are obtained by the applied approach aiming to replicate the highly rough surface of lotus leaves 52−54 through the slow diffusion of the water vapors during LIPS step, which favor the formation of spherulites on the top membrane surface. It is important to highlight that the surface of these spherulites are not smooth but characterized by several rough microprotusions that contribute further to the increase of the membrane hydrophobicity (Figure 3) , 54 giving highly hydrophobic surfaces, with water contact angle between 132°and 140°for VIPS times ≥5 min (Figure 4) . On the contrary, in the case of pure LIPS process (i.e., VIPS time 0), the contact angle decreases to 71°, leading to substantially hydrophilic membranes, in agreement with the quite smooth surface obtained. For VIPS time 1 min the surface displayed a low hydrophobic character, with a contact angle of 93°, supporting a prevalently LIPS driven membrane formation mechanism (Figure 4) . Figure 4 correlated the values of water contact angle with the surface roughness. The RMS and the contact angle of the membranes increased consistently moving from LIPS-driven (zero or 1 min of VIPS) to VIPS-driven membrane formation mechanism (VIPS time ≥5 min).
The results are in agreement with the Cassie−Baxter's wetting model, predicting that for a rough hydrophobic surface, a nonwetting liquid may not penetrate into surface cavities, resulting in the formation of air pockets, leading to a composite solid−liquid−air interface where hydrophobicity increases with 
Research Article the surface roughness. 55 The highest surface root mean-square roughness (0.67 μm) and, as a consequence, the highest water contact angle, is observed at VIPS time 5 min (140°). The membrane produced has a calculated LEPw of 3 bar confirming the applicability of the sample in membrane contactors. A maximum in β phase fraction (0.92) of the PVDF crystallites is also observed for the sample produced at VIPS time 5 min and quantified by ATR-FT-IR (SI Figure S2) .
The ATR-FT-IR spectra of the prepared PVDF membranes (SI Figure S3) show the signals of the α and β polymorphs, with a dominance of the latter because of the use of a polar solvent (i.e., DMSO) which favors the formation of the β phase, having the highest dipolar moment with the polar C−F bonds aligned in the same direction.
14,55−57 On the contrary, the dipole moments of α crystallites are oriented in opposite directions, resulting in a zero net polarization. During PVDF crystallization, the α form is the kinetically favored polymorph, while the β form is the most thermodynamically stable one. 58 Moving from VIPS time 0−5 min (i.e., from a LIPS to a VIPS driven mechanism), it is observed an increase of the β fraction. The slower VIPS membrane formation process favors the thermodynamic polymorph in comparison with the faster LIPS process. Increasing further the VIPS time (>5 min), the local LIPS phenomena, due to water vapors condensation on the membranes surface, reduces the β fraction (SI Figures S2 and  S3) . The PVDF polymorphism depends also from the relative humidity during the VIPS stage. Fixing the exposition time to 5 min, a reduction of the β fraction is observed with the increase of the relative humidity (SI Figures S2 and S4) . Moving from RH 34 to 64%, the β fraction decreases from 1 (i.e., only β phase) to 0.78 due to the faster reaching of the solubility gap, with the consequent reduction of the content of the thermodynamic polymorph. Moreover, increasing the relative humidity, local LIPS phenomena might also occur, as suggested observing the surface of the membrane prepared at RH 65%, showing the typical morphology of a LIPS driven mechanism ( Figure 5 D and Figure 1 A) and characterized by β phase fraction close to a pure LIPS process (SI Figure S2) . Also, the mean pore size of the membrane prepared at RH 64% results similar to that of the membrane prepared by LIPS (0.075 vs 0.076 μm, respectively; Figures 6 and 2) . These results support a LIPS driven mechanism at this high value of relative humidity (RH 64%). The high amount of humidity cannot be completely absorbed by the cast film resulting in a partial water condensation on the film surface with the formation of denser regions. Water condensation could be also furthermore reinforced by surface cooling during the exposition time, due 
Research Article to DMSO evaporation from the liquid film to reach the equilibrium vapor pressure.
Conversely, SEM images of the membranes prepared in the RH range 34−50% show open porous surface structures along with the spherulitic morphology, indicative of partial polymer crystallization during the slow phase separation process induced by the water vapors ( Figure 5 A-C) .
The surface roughness and hydrophobicity of all these membranes are high because of the predominant effect the vapor uptake by the cast film, with respect to the condensation phenomena ( Figure 7) . However, the mean pore diameter increases rising RH from 34 to 50% due to the increase of nonsolvent uptake (Figure 6 ).
The performances of the PVDF membranes were tested in a lab-scale MD/MCr experimental setup and compared with a commercial UF PVDF membrane having comparable properties (Table 1) .
According to data reported in Figure 8 , salt rejection is higher than 99% for the samples produced at VIPS time ≥5 min (RH 50%) and RH < 64% (VIPS time 5 min).
These conditions correspond to boundaries for VIPS driven PVDF membranes formation. All these membranes have a spherulitic surface morphology, elevated surface roughness, high water contact angle and appropriate LEPw (between 1.3 and 4.3), which match well with the requirements for membrane contactors. Whereas, in the case of samples formed by a LIPS guided mechanism and characterized by denser and smoother surfaces (0−1 min VIPS time (RH 50%) or RH 64% (VIPS time 5 min)), NaCl rejection decreases consistently, indicating possible pore wetting (LEPw 0.2 bar for the second sample, and negative for the other two) and reduced mass transfer in vapor phase through the wetted pores 35 ( Figure 8 ). Membranes prepared by LIPS driven mechanisms are also characterized by higher thickness in comparison with the VIPS driven ones (SI Figure S5) in agreement with the faster formation mechanism that reduces the compaction time before solidification, meanwhile does not permit the deep penetration of the cast liquid solution into the support. All the membrane prepared are in fact characterized by a partially interpenetrated structure inside the support (SI Figure S6) .
Although not suitable for MD/MCr, the membranes prepared by LIPS driven mechanism and characterized by a higher surface wettability, would have potential applications in those processes requiring hydrophilic surfaces, like in MF, UF, or MBRs.
The best performing sample for membrane contactors applications results that prepared at 5 min of VIPS and 50% RH, having the higher mean pore size combined with elevated surface roughness and high LEPw (3 bar).
The superior performance of the PVDF membranes produced in these conditions are due to an optimal combination of water vapor uptake and negligible liquid water condensation effect on the cast liquid film during the VIPS stage. This membrane show flux and rejection comparable to the commercial PVDF sample (J = 12.1 kgh 
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Long-term testing of this sample indicates that no reduction of flux and/or rejection are observed reusing the same sample for 8 runs (5 h each test, the sample was washed with distilled water and then dried after each run before the reuse).
It is also worth noting that the commercial sample, used as reference, is produced using toxic solvents, like DMA and NMP, and pore forming additives in the casting solution to promote pore formation during LIPS (i.e., hydrosoluble additives like PVP). 9 On the contrary, either toxic solvent or pore forming additives are not used in the green biomimetic approach developed in the present study.
■ CONCLUSIONS
This study demonstrates a sustainable and easily scalable two steps phase separation process for the preparation of PVDF membranes with tailored surface topography and hydrophobicity, without the use of toxic solvents and harmful additives. DMSO and water are used as green solvent and nonsolvent, respectively, in a combined VIPS and LIPS technique.
The slow and controlled diffusion of the water vapor into the cast polymer solution during VIPS stage triggered the localized microphase separation on the membrane surface, forming nucleation clusters of PVDF crystallites prevalently in the β phase.
Boundary conditions between the VIPS and LIPS driven membrane formation mechanism are observed, indicating the necessity to have and exposition time ≥5 min and RH between 34 and 50% in order to produce membranes with high surface roughness, elevated surface porosity and low wettability.
Membranes prepared in optimized conditions (i.e., VIPS time 5 min at RH 50%) demonstrates comparable performance (J 12.1 kgh , R = 99.8%) than a commercial PVDF membrane prepared at industrial scale using toxic solvents and pore forming additives. Consequently, these results represent the first step toward a concrete alternative to industrially consolidated membrane preparation protocols involving SVHC solvents.
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